The acceptance of infrared thermometry for control of ground-based turbines has been hindered by concerns about optics contamination and installation complexity. The technique must be demonstrated to be stable over long periods of time, and ideally should provide true temperature indication. The present work describes an evaluation of ratio thermometry as a means of providing a control signal, and single waveband thermometry for engine diagnostics.
A radiative model of the turbine environment is developed in an attempt to establish the relative merits of the two techniques. The model shows that, provided optics contamination is "gray", ratio thermometry would be expected to provide a high quality control signal. Long term on-engine testing of a ratio instrument, installed using a novel simplified installation method, is reported. The results indicate the presence of only gray optics contamination, and exhibit remarkable measurement stability.
Additional tests using a fast response single waveband signal from a prototype thermometer have confirmed the ability to obtain high resolution diagnostics signals over very long sighting distances.
Consideration is given to potential savings in engine fuel costs, from the application of infrared thermometry.
THEORETICAL EVALUATION OF RATIO AND SINGLE WAVEBAND THERMOMETRY

Some Basic Considerations
The following discussions relate to infrared thermometers employing silicon photodiode detectors. Principal factors that must be considered in assessing infrared temperature measurement of gas turbine blades are I. Blade Emissivity -conventional high-nickel alloy blades undergo surface oxidation during initial engine operation. The resulting emissivity is high and stable once the turbine has been "burned in" (more precisely, once the oxide layer is at least several microns thick). Laboratory measurements can be carried out to determine the emissivity value.
Vane Radiation -radiation from neighboring
vanes reflects off the target blade and enters the thermometer optics. The resulting positive error in observed blade temperature can be assessed by a combination of subsidiary temperature measurements and mathematical modelling.
3.
Flame Radiation -the combustor flame is a source of intense radiation which enters the thermometer via multiple reflections inside the turbine. A correct choice of sighting position ensures that successive reflections and view factors dilute the flame radiation to negligible intensity.
4.
Contamination of Thermometer Optics -the possibility of foreign material such as oil, fuel and products of combustion obscuring the thermometer optics is a major cause for concern. If the optics cannot be maintained completely deposit-free (by air purging for example) a thermometry technique tolerant to obscuration must be employed.
A useful formalism for evaluating infrared thermometry approximates each operating waveband to a single-valued wavelength. Thus, utilizing the Wien approximation of Planck's radiation law, thermometer signal may be written 5
The equivalent monochromatic wavelength Xe is defined for a small interval T -(T + AT) by
Two different operating wavebands may be realized by employing an unfiltered detector (channel 1) and a short wave-pass filtered detector (channel 2). The corresponding signals can be represented by which reveals that measurement sensitivity for both ratio and single waveband thermometry is inversely proportional to equivalent monochromatic wavelength. The sensitivity of ratio measurements increases with spectral splitting (Xel -Ae2) according to equation (6), and is equal to unfiltered single waveband sensitivity when Aer = Table 1 shows data from numerical integration of the product of Planck's radiation law and the spectral sensitivity of a typical silicon photodiode. An idealized filter characteristic (100% transmission up to the cut-off wavelength and zero transmission beyond it) has been applied to illustrate channel 2 signal loss as spectral splitting is increased. It can be seen that to obtain unfiltered single waveband sensitivity (1.2% per K at 1100 K) with a ratio instrument, the filtered signal would be approximately 6 orders of magnitude down on the unfiltered signal. Ratio thermometer sensitivity and bandwidth are therefore limited by noise and drift associated with small signal processing. Table 2 shows experimentally obtained calibration data from a prototype ratio instrument in which spectral splitting has been maximized consistent with measurement capability down to approximately 1000 K. The thermometer has an equivalent monochromatic wavelength of 5.9pm and a measurement sensitivity of 0.2% per K at 1100 K. Ratio signal output is electronically filtered to 5 llz to reduce noise accompanying small signal amplification.
In contrast to single waveband thermometry, optics obscuration will appear as a linear factor T 1 /T 2 in equation (5) , and provided the obscuration is gray (Ti = T2), the ratio signal is unaffected. Note however that the comparatively low sensitivity of 0.2% per K renders grayness of obscuration a crucial requirement. While single waveband thermometry is affected by both non-gray and gray contamination, signal levels are sufficient to give a -3 dB cut-off frequency that is higher than turbine blade-pass frequency. Resultant signal fidelity clearly displays individual blades, and is useful for periodic thermal "fingerprinting" of a turbine for diagnostic/health monitoring purposes. Figure 1 illustrates how profile fidelity is affected by spatial (optical) resolution and electronic bandwidth.
These features suggest the use of a combination of ratio thermometry for average temperature measurement (engine control), and single waveband thermometry on an arbitrary temperature scale for individual blade profiling (engine diagnostics). However, the effects of vane radiation and nongrayness of obscuration on temperature measurement must be assessed.
A Radiative Model of The Turbine Environment
Although a gas turbine represents a complex thermal radiation environment, a simplistic model is adequate to define the conditions under which infrared thermometry can reasonably be expected to produce reliable measurements. Figure 2 illustrates thermometer view geometry.
Considering only the radiation originating from the target blade and its neighbor, the effective emissivity of the target blade varies from about .85 (position 1) to 1.15 (position 2), giving an average value close to unity (2, 3) . It is therefore reasonable to assume blackbody conditions for average rotor temperature measurement.
If the vanes are of order 200 K or more cooler than the blades, the vane radiation contribution is negligible. However, if the vane temperature approaches or exceeds that of the blades, the blackbody condition will be supplemented by vane radiation entering the thermometer via reflection off the target blade. (Non-grayness of the vanes introduces only a second order effect in the ensuing model and will be neglected, as will combustor flame radiation, which can generally be avoided by careful choice of thermometer sighting position). For each 10% loss of optical throughput, observed temperature is reduced by about 10 K. As contamination builds up, disagreement between the two single waveband channels increases but does not exceed about 5 K even for 40% loss of signal.
Non-grayness of obscuration (Figs 4 and 6) generally causes moderate inter-channel disagreement, but can give rise to agreement of all three readings when in fact the indicated temperature is incorrect.
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Vane radiation effects are a function of vane surface temperature and temperature distribution, and view factor between the target blade and the vane row. In this model the effect upon observed average rotor temperature is expressed in terms of averaged values for vane temperature (Tv) and view factor (11). Approximate values for Tv and 0 were obtained from direct temperature measurement of vanes, and from a knowledge of the turbine geometry.
Over the range of interest (1000-1300 K) thermometer signal versus blackbody target temperature may be represented with very little error by f(T) = A exp -B/T (9) For example, the experimentally obtained calibration data of Table 2 follow this relationship to ±0.2%.
The observed average signals from a dual wavehand instrument will be fl(T) = TiET1( 11 ) + Q(1-E 1 )f i (Tv)]
(10) f2(T) = I2tf2(Tb) + Q( 1-E2)f2(Tv)1 and a ratio signal may be constructed as,
A value I = 1 denotes clean optics, and vane emissivity has been incorporated into the view factor Q. Inserting the expression for the f(T) and re-arranging yields Table 3 gives a qualitative comparison of the two types of thermometry. If it is assumed that reflected radiation can be avoided or corrected for, and that only gray contamination of the optics occurs, it can be seen that single waveband and ratio thermometry are complementary. The former provides a high speed signal suitable for engine diagnostics, and the latter a stable average temperature measurement for engine control.
However, grayness of obscuration is a critical requirement. In addition to serious errors in ratio measurements, non-grayness may result in misleading conclusions from intercomparison of ratio and waveband results.
ON-ENGINE TESTING A Simplified Thermometer Installation Design
Traditional thermometer installations are complex and costly, and are not readily adapted to instrument removal/replacement while the turbine is in operation. The new approach, illustrated in Figs 7 and 8, involves direct viewing through a sight glass mounted to the engine exterior, and specifically avoids penetration of the power turbine. Further, the thermal environment experienced by the thermometer is rendered much less severe, enabling the use of industrial (rather than aerospace) instrumentation.
Although the illustrations are representative of a single combustor engine, the technique was developed on a multiple combustor turbine. It is believed, based on field studies of various engines during rebuild, that the technique can be applied to the vast majority of large industrial gas turbines. This installation method is a distinct departure from previously employed methods, such as those presented in Refs (4) and (5) , which describe the utilization of mirrors or the penetration of the power turbine in order to view the first row turbine blades. Once the applicability of this approach has been established for a given turbine, the installation is relatively simple. Of the five installations completed to date, no turbine components have left the plant site.
All thermometers tested provide through-thelens sighting, allowing visual on-line sighting alignment. Section 3-3 in Fig 8 illustrates the field of view available to the thermometer. The temperature of the stationary guide vanes may be determined as well as the first row blades, the former being necessary to evaluate errors in indicated blade temperature caused by radiation emission from the vanes.
A primary goal in the development of the new sighting technique was on-line maintainability which led to the use of an external isolation valve, external sight glass and external mounting of the thermometer.
Early installations had no provisions for protection of the thermometer from weather or temperature extremes. Present versions include water jacketed enclosures with dehumidified air purge internal to the jacket.
Engine Control and Monitoring
Non-reproducibility of blade temperature, as calculated from thermocouple and pressure measurements, can typically be as high as 17 K. In addition to the limitations imposed by instrumentation uncertainties, the calculated value is subject to errors due to changes in air density, relative humidity and heating value of the fuel.
Direct measurement of blade temperature using infrared thermometry eliminates these effects and is considered to be capable of 5 K reproducibility. This presents the opportunity of increasing firing temperature without degrading engine life or reliability. The significance of firing temperature as related to fuel consumption is exemplified in Table   4 (Page 10). At present three turbines under evaluation have high potential for significant reductions in operating cost via increased firing temperature.
In July of 1983 a nominal 70 MW, single combustor, natural gas fired turbine with air cooled blades was equipped with two diametrically opposed thermometer sighting ports. The two ports were positioned so as to provide views of the two sections of the turbine inlet which were believed to experience the extremes of gas inlet temperature. (The installation of two ports also provided for redundant instrumentation.)
The engine was equipped with a single waveband thermometer and a ratio thermometer. Both instruments were used on each of the two ports during the first three months and on various occasions throughout the first year of operation. This was done for cross referencing of the signals of the two units. The units were not water jacketed but were protected from direct precipitation.
The engine was put on ratio thermometer control in late September of 1983. This control soon became the preferred method on the engine (by the plant operators) and has remained so by virtue of its superior stability compared to calculated inlet gas temperature.
Operating parameters have been history logged by means of multiple line graphs. These graphs are generally run on a weekly basis and to date two years of turbine history is available. Some of the more relevant operational parameters recorded are:-1 Megawatt output 2 Calculated firing temperature 3 Average exhaust temperature 4 Blade temperature -ratio thermometer 5 Blade temperature -single waveband thermometer 6 Total mass flow through engine 7 Steam injection flow 8 Fuel gas flow Comparison of operational characteristics as affected by time and season is easily performed by overlaying selected plots. A representative sample is shown in Fig 9. By choice the blade area viewed was the area least subject to fouling, and no change in the indicated blade temperature has occurred over the last 18 months based on the comparisons of ratio thermometer readings with other engine parameters.
Sight glass fouling occurs slowly after the initial engine break-in period of a few weeks. The sight glass on the engine at the time of this writing has been in service for 18 months and is visually clean. The sight glass initially installed on the engine was changed after six months of service primarily for laboratory evaluation of its contamination. The engine control system ( Fig 10) was a typical gas turbine governor comprising a turbine inlet temperature controller (TIT), turbine exhaust temperature controller (TAT), speed/load controller, and a ramp generator used during the startup mode. The controller outputs were connected to a minimum select gate allowing the lowest signal to pass through to the fuel throttle valve.
The blade temperature controller was integrated into the governor through an input of the minimum select gate. This added another control parameter to the existing control functions of the governor. No existing control functions or engine safeguards were removed or modified.
The infrared thermometer control system consisted of three major components; ratio sensing head, signal processor and control unit.
Thermometer signals were preamplified and linearized within the head assembly, then transmitted through a multiconductor cable to the processor located in the central control room.
The processor was a panel-mounted unit with a digital readout, and produced a 4-20 milliamp output signal which was transmitted to the control unit.
The control unit was a standard panel-mounted analog proportional-integral controller. It could be transferred between the automatic and manual modes. This was convenient to perform maintenance on the system. The set point was dialled in manually and built-in adjustable output signal limiters were used to keep the output within a narrow band so as to minimize any disturbance to the engine if a malfunction of the system occured.
The gas fired single combustor turbine proved to be an ideal engine for gaining experience in pyrometer utilization. One port provided sighting between stationary vanes that were significantly hotter than the target blades, whereas the second port gave a view between relatively cold vanes. The time required for a blade to travel between port positions was approximately 8 mS, and it is presently assumed that blade temperature could not change significantly between ports.
Ratio thermometer readings of blade temperature were 17-22 K higher when viewing between the hot vanes, confirming that for accurate measurements in any engine where the guide vanes are hotter than the blades, corrections to observed readings will be necessary. These corrections can be established by independent measurement of the vane temperature, and application of a radiative model.
The ratio signal was stable with time and proved to be suitable for long term control. The thermometer was insensitive to sight glass fouling. This was verified on-line during transient periods of condensation formation on the interior of the sight glass upon engine startup. It was verified in the laboratory by placing a sight glass which had been fouled in service (during the first six months after engine rebuild) between the thermometer and a blackbody temperature source. The presence of the fouled glass did not affect the thermometer reading; the contamination was therefore concluded to be gray.
After nearly two years of service on the engine the ratio thermometer was returned to the manufacturer to determine the extent to which it had changed from its original calibration. A change of 3 K was determined at a blackbody reference temperature of 1088 K.
Comparison of parameters that had been history logged indicated a ratio temperature stability of ±3 K over the last 18 months, when Megawatts Output, Calculated Firing Temperature, Total Mass Flow through the Engine, and Steam Injection were matched. Comparison of this stability value with the data of Table 4 suggests the possibility of significant fuel savings.
The ratio thermometer controlled the engine while viewing the blades through the hot guide vane section. The indicated temperature was in error but the instrument provided reproducible temperature indications with long term stability.
Engine Diagnostics
Work recently carried out using a fast response, long sight path, single waveband thermometer has demonstrated high resolution of individual blades. The thermometer was focused onto a 16 mm circular area at 2 meters distance, and provided a 30 kHz bandwidth non-linearized signal for diagnostics. Engine blade-pass frequency was 6.9 kHz, with a viewable blade width of 30 mm.
The resulting spatial and electronic bandwidth resolution co-ordinates are shown as a data point on Fig 1. With a predicted peak-to-peak modulation of at least 70% of the true modulation, good resolution of individual blades was expected.
The trace shown in Fig 11 Rebuild cost due to a single turbine blade failure in a nominal 100 MW machine is in the range $2-3 million. In addition to the rebuild cost, must be added the effects of unscheduled downtime on plant production.
CONCLUSION
The ratio infrared thermometer is a suitable instrument for long term gas turbine control on engines whose performance and service life are limited by first row turbine blade temperature. High speed single waveband thermometers are of unquestionable value in identifying individually overheated blades.
Both ratio and single waveband measurements are subject to significant errors introduced by reflected radiation if hotter surfaces exist in the vicinity of the blades. In such cases corrections, which can be estimated by subsidiary temperature measurements and radiative mathematical modelling, should he applied to observed ratio readings to provide a high quality control signal. In the example studied (blades 1073 K, vanes 1200 K, view factor 0.3) the correction is approximately 20 K.
A new thermometer installation technique has been described which makes long term turbine control practical and provides for determination of turbine blade temperature as well as the temperature of the stationary guide vanes in close proximity to the blades (the latter being required for determination of reflection-induced error).
A combination of single waveband and ratio thermometry has been used to provide both diagnositic and engine control capabilities from a single turbine installation.
